Abstract -A multi-disc clutch test bench was set up and sliding experiments were conducted to investigate the relationship between the friction glazed spot distribution and mechanical torsion buckling on frictional components. The buckling deformation model of a separator disc with spline teeth subjected to mechanical torsion is established to compare with the experimental observation. The buckled spline disc provides a certain perturbation frequency during the sliding period. Under this sliding condition, when the relative sliding rubbing speed in frictional clutches exceeds the thermoelastic instability (TEI) speed predicted by Barber and Lee's TEI model, mechanical buckling induces thermoelastic instability (MBTEI). The dangerous sliding speed and perturbation pressure growth rate are obtained in regard to structural parameters, temperatures, abrasion cracks and torques.
Introduction
The study of the clutch is of great interest since clutches are frequently used in the transmission systems of many kinds of vehicles. The temperature of a wet clutch was studied by Li et al. [1] by establishing a 1-D heat transfer model and sliding experiments, from which the wear prediction was made. Some friction and wear experiments were performed by Wei et al. [2] to study the influence of groove surface texture on temperature rise under the condition of dry sliding. Pisaturo and Senatore [3] established a finite element model of a dry clutch to simulate the temperature field of friction components during the engagement process. Zhao et al. [4] established a 3-D model of a dual clutch and a torque transition model to estimate the transmission torques of two clutches in real time. An integrated clutch filling phase control for gearshifts on wet clutch transmissions for heavy-duty vehicles was developed by Meng et al. [5, 6] , and the clutch actuator was optimally designed with certain constraints. Wenbin et al. [7, 8] focused on the study of a carbon fabric wet clutch, which is different with traditional materials. The tribological properties were investigated by a carbon fabric wet clutch model established by the modified Reynolds equation and a torque balance equation, and this model was verified by experimental measurements.
During the clutch engagement process, the input energy is large and significant friction heat is generated. This leads to various undesirable effects, such as material transformations, thermal cracking and thermoelastic buckling of friction components, especially under the condition of high local temperatures, and thermal stresses mainly caused by non-uniform surface pressures [9] . The surface pressure distribution characteristics of friction components are therefore important design parameters that significantly influence the performance of the transmission.
The circumferential distributed friction glazed spots ( Fig.1) are found on the surfaces of friction components by inspecting a large number of failed clutches. For the phenomenon of circumferential distribution friction glazed spots, investigators explained this problem through thermalelastic instability (TEI) theory [10] [11] [12] [13] [14] [15] [16] [17] [18] . The reasonable explanation is that the friction glazed spots were the result of TEI when the sliding speed exceeded the value of the critical TEI velocity, and while there were pressure disturbances on the friction interfaces. Lee et al. [19] established a finite element model of a frictional material and a functionally graded material (FGM) layer to investigate the effect of the volume on frictionally excited TEI, and an optimal FGM volume that exhibits the highest critical speed was found to exist. Other investigators 169-2 [20] [21] [22] [23] considered that the thermal buckling deformation of friction components occurred in the sliding process. Timoshenko's bending beam theory was used for the calculation of the critical buckling moment. The study shows that the radial temperature gradient is the main reason for the thermal buckling. A new Timoshenko beam model for large deformation was established by Zhou et al. [24] , and the accuracy and efficiency were improved.
From the literature [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , the energy of higher order thermal buckling or the phenomenon of many "hot spots" is much higher than the real working condition which leads to the circumferential distributed friction glazed spots shown in Fig.1 . However, under the action of mechanical load, there exists the possibility of high order buckling, and a buckled disc will subsequently induce TEI. At present, the research on the buckling deformation of a multi-disc clutch is mainly based on the thermal stresses; while the influence of the mechanical stresses is seldom considered. In this study, we shall extend the TEI analysis to the MBTEI analysis and investigate the stability of spline separator discs subjected to mechanical torsion and the following buckled discs induced TEI problems. 
Sliding Experiments
During the clutch engagement process, the fluid oil is pumped into the piston chamber to push the piston axially, overcoming the force of spring separation. The piston pushes friction components moving to eliminate the gaps. The rotation speed difference of the separator discs and friction discs gradually decreases to become synchronous, at which point the clutch completes engagement. Under these working conditions, separator discs are subjected to mechanical torsion by engagements of spline teeth between separator discs and the cylinder liner. 
The Test Bench
The structure of experimental bench is presented in Fig. 2 . The experimental working parameters, geometric parameters, and material parameters of clutch components are shown in Table 1. 169-3 Fig. 3 shows the pictures of the same separator disc before and after the long-term multiple engagements of the clutch. In the sliding experiment, the acting pressure is 0.17MPa, relative sliding velocity is 150/rpm, and the sliding time for each engagement cycle is 0.3s. These sliding conditions are mainly to avoid the influence of thermoelastic instability and high order thermoelastic buckling.
Experimental Procedure
The circumferential distributed friction glazed spots of Fig.3 (b) and Fig.3 (d) are similar with Fig. 1 . Side A and B are two sides of the tested separator disc. The frictional traces on these two sides recorded the states of deformation during engagement processes. These spots are highlighted as shown in Fig. 3 (d) . The friction glazed spots distribute periodically in circumferential direction which match with the spline teeth very well. For characterizing the wear condition of the separator disc, the thickness of the separator disc with spline teeth was measured before and after the experiment. The measurement results are shown in Fig. 4 . The circumferential friction 169-4 glazed spots are highly correlated with the spline teeth distribution of the separator disc. When the sliding process is over, the frictional glazed spots generate on the surface of the separator disc.
Buckling Analysis of Separator Disc with Spline Teeth
As shown in Fig. 3 , the phenomenon in Fig. 1 is successfully recreated by long-term multiple engagements of clutch. The energy of higher order thermal buckling or the phenomenon of so many "hot spots" is much higher than this experimental working condition. The frictional spots are clear and not overlayed on both side A and side B, which are different with the "hot spots" of TEI. Therefore, the possibility exists of high order buckling under the action of mechanical torsion load.
The bending action could be recovered when the interference force is removed. This phenomenon is called buckling [25] . Under the condition of mechanical torsion, the separator disc will be buckled and the possible deformation processes of the separator disc are proposed, as shown in Fig. 5 . The buckling deformation processes of the separator disc can be divided into three stages: A, B and C. Stage A is a 'flat state', where the separator disc stays flat until the mechanical torque exceeds the critical buckling value. Then the separator disc turns into an unstable stage. With the effects of normal pressure disturbance, the disc will be buckled as waves in the circumferential direction, as shown in stage B. If the mechanical loads don't exceed the elastic limit, the disc will recover to flat after the load is removed. However, friction glazed spots will remain (stage C). 
Influences of Mechanical Buckling on TEI
The disc with spline teeth buckled by mechanical torsion provides a certain perturbation frequency which affects the stability of the friction system, as shown in Fig. 5 . The frictional heart flux generated at the contact interface of a sliding system is proportional to the contact pressure. Therefore, if some non-uniformity in pressure distribution across the surface occurs, the areas where the pressure is higher experience a higher temperature increase. This is turn causes greater local thermal expansion and thereby leads to further local pressure increase.
Model and Formulation of MBTEI
As the deformation of the buckled disc is typically anti-symmetric, the theoretical model used in this paper is the traditional anti-symmetric TEI model. This in-plane sliding 2-D TEI mode was studied by Lee [12] , Jang [13] and Lee [14] based on the TEI theory of Baber [10] [11] . In these studies, the friction coefficient is considered a constant parameter. The perturbed pressure superimposes a cosine perturbation with perturbation frequency λ at the sliding interface and has the form
where p0 is the initial perturbed pressure, lw is the wavelength of pressure perturbation, λ is the perturbation frequency, and b is the perturbation pressure growth rate, where b can be (1) b<0-stable perturbation, (2) b>0-unstable perturbation, and (3) b=0-threshold of instability, for which the critical speed Vcr is determined.
Results and Analysis
Copper-based friction discs are more commonly used in most multi-disc clutches than paper-based discs. The critical speed Vcr responds to Cu-Steel friction pairs, as shown in Fig. 6 . The parameters used in this simulation calculation are listed in Table 1 . Cu-Steel friction pairs are usually working at the TEI state without obvious damage. The results agree well with Zagrodzki's [16] conclusion that many sliding systems, like transmission clutches or brakes, operate instantaneously at a high speed that significantly exceeds the critical speed Vcr. This indicates that thermolelastic instability does not lead to the failure of the friction components directly. In this case, the speed directly responds to damage of the friction components is of great interest. Using TEI critical speed Vcr as the only parameter to determine the safety of the sliding system is not comprehensive. As a supplement, the yielding speed Vd is defined as the speed which could lead to the contact pressure exceeding the material yield strength [σs] . When the frictional system is unstable, namely V>Vcr and b>0, the disturbing pressure Pλ will become much greater than non-disturbing pressure Pu, then Pu can be neglected and the contact pressure P has the form P≈Pλ. When the initial perturbed pressure p0 is 1pa, λ=180/Hz, sliding time t is 0.2s, the critical damage pressure growth rate bcr (Table 2) and Vd can be obtained by Eqs. (1) and (3). The relationship of b, bcr, V and Vd, shown in Fig. 7 , is investigated by the MBTEI model and Eqs. (3) (4) (5) , meanwhile the maximum pressure growth rate bmax and Vd are listed in Table 3 .
] is system parameter matrix of TEI and S is the independent parameter vector of system stability. P is the contact pressure, Pu is the non-disturbing pressure and bcr is the critical damage pressure growth rate. The curves, shown in Fig. 7 , indicate that pressure growth rate b has a peak, and the peak is 3 times greater than the average value. In general, except the peaks, b increases with the increasing of V. When V changes from 1m/s to 3m/s, b increases by 73%. As shown in Table 3 , Vd varies positively with the increasing of λ, when the perturbation frequency λ is 180Hz, calculated by Eq. 2 under the experimental condition 3, the yielding speed Vd is 2.16-2.20 m/s which is 44 times greater than the TEI critical speed (Vcr=0.05m/s). At this sliding speed, the pressure growth rate b exceeds the critical damage pressure growth rate bcr. The contact pressure then exceeds the material yield strength and leads to damage of the discs.
The verification experiments were conducted by using the same multi-disc clutch experimental bench. However, the relative sliding linear speed is increased to 2.16-2.20m/s which is equivalent to the dangerous speed shown in Table 3 . After the long-term multiple engagements of the clutch, the pictures of the tested separator disc are shown in Fig. 8 . As shown, there are several circular cracks on the surface of the disc which indicate that the disc is damaged under this sliding speed. However, when the sliding speed is smaller than Vd, the circular cracks will not come out even under the same time of sliding, as shown in Fig. 3 (b) .
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Conclusion
A new kind of sliding multi-disc clutch experiment was designed to investigate the mechanism for circumferentially distributed friction glazed spots on the surface of separator discs with spline teeth in multi-disc clutches. The frictional glazed spots distributed periodically in a circumferential direction on the surface of separator discs can be caused by mechanical torsion when the moment exceeds Mcr. This buckling deformation makes the actual contact area become smaller, thereby increasing the contact pressure and the degree of wear. When the sliding process is over, the frictional glazed spots generate on the surface of the separator disc.
The disc with spline teeth buckled by mechanical torsion provides a certain perturbation frequency which affects TEI critical speed Vcr and pressure growth rate b; the perturbation frequency λ can be assumed to be fixed with the separator disc. So under these conditions, the sliding speed can be expressed as V≈c1, and the nonlinear transcendental equations can be simplified by this assumption; in addition, the calculation efficiency is greatly improved.
Under the condition of MBTEI, the dangerous sliding speed Vd and the perturbation pressure growth rate b are calculated to characterize the stability of the friction system as supplements of TEI critical speed Vcr. The results show that the pressure growth rate b has a peak, and the value of the peak varies with changing λ and sliding speed. When the buckled frictional discs are sliding at Vd, the perturbation pressure growth rate b reaches the peak, then the perturbation pressure increases quickly and leads to the damage of discs.
